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A key factor in the downstream dispersal and fractionation of sediment is the grain size distribution of sediment
supplied by upstream catchments. Modeling of the grain size distribution of modern bedload in the main trunk
channels of tectonically uplifting catchments, including the sediment at their outlets, and the weathering products
of a range of bedrock lithologies in southern Italy and Sicily reveals fractal dimensions of 2.3–2.7, similar to the frac-
tal dimension of many natural materials undergoing fragmentation. We examine the impact of changing statistical
properties of the grain size distribution of the sediment supply in simulating grain size trends in sedimentary basins.
Model simulations show a marked movement of the gravel front and patterns of progradation and retrogradation
in basin stratigraphy. These grain size trends and sedimentary architectures are generated simply by variations in the
grain sizemix of the sediment supply, without variations in base level or sediment discharge. Variation in the grain size
distribution of the sediment supply may therefore act as a ﬁrst-order control on sequence stratigraphic architectures
in sedimentary basins.Introduction
The cascade of sediment from source to sink be-
ginswith the release of sediment ofmixed grain size
from upland catchments. Although it has been pro-
posed that different distributions of grain size in the
sediment supply to basins impacts the pattern of
downstream fractionation—most recently by Strong
et al. (2005), Fedele and Paola (2007), Duller et al.
(2010), Whittaker et al. (2010), Armitage et al. (2011),
Michael et al. (2013, 2014), and Schlunegger and
Norton (2015)—little is known about the character-
istics of and the controls on the grain size mix serv-
ing as an initial condition for down-system dispersal.
The formation of sediment from parent rocks is
part of a general process of fragmentation (Hart-
mann 1969; Turcotte 1997; Smalley et al. 2005). Frag-
mentation may result from surface impact by extra-Manuscript received January 13, 2015; accepted July 2, 2015;
electronically published October 2, 2015.
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All use subject to University of Chicago Press Termterrestrial objects and other projectiles (Curran et al.
1977; Fujiwara et al. 1977), subsurface nuclear deto-
nations (Schoutens 1979), fault movement causing
comminution in a fault gouge or zone of cataclasis
(Sammis and Steacy 1995; Billi and Storti 2004),
fracturing and jointing (Barton and LaPointe 1995),
and volcanic activity generating pyroclastic mate-
rial, such as ash and pumice (Hartmann 1969; Kamin-
ski and Jaupart 1998), as well as a range of industrial
practices, such as the blasting, grinding, milling, and
crushing operations in mining and mineral proces-
sing. However, the most important process of frag-
mentation in the present context is the breakdown
of parent rocks by the processes of weathering (Wu
et al. 1993; Bitelli et al. 1999; Wells et al. 2008).
Weathering is an example of fragment size reduc-
tion, resulting in soils, sediment, and regolith con-
taining ﬁne-grained particles (Jefferson et al. 1997).
This process of fragment size reduction, or com-
minution, is well known to result in fractal distri-
butions of grain size (Hyslip and Vallejo 1997).5–427] q 2015 by The University of Chicago.
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by the range of processes involved in mechanical
weathering depends on the parent rock being fully
speciﬁed in terms of its mechanical properties,
which is possible only in laboratory experiments.
Consequently, if the grain size distribution of the
sediment released into the cascade from source to
sink (Burt and Allison 2010) is to be modeled in a
geomorphic context, it is necessary to account for
the combined effects of parent rock lithology and
microstructure, topography, climate, and the pas-
sage of time on the fragmentation process. How-
ever, in the context of geologic sediment routing
systems, the range of controls on the particle size
distribution of sediment exported to sedimentary
basins needs to be reduced to as few parameters as
possible so that the method can be used when little
is known about the contributing catchment areas,
including their location, size, morphometry, cli-
mate, and lithologic makeup (Somme et al. 2009).
In this contribution, we review the fractal prop-
erties of natural materials that are thought to have
undergone fragmentation and derive the fractal di-
mension from ﬁeld observations of sediment and
regolith that approximates that exported from up-
land catchments as part of the cascade to sedimen-
tary basins. Fractal dimensions can be converted to
the shape factor of the Pareto distribution, which is
thought to be a probability distribution characteris-
tic of fractals (Mandelbrot 1966; Crovelli and Bar-
ton 1993), from which the mean grain size can be
calculated. The clear role played by variations in
the distribution of grain size in the supply is seen
in numerical simulations of the down-system dis-
persal of sediment. In one set of simulations, we use
a source sediment speciﬁed by the scale and shape
parameters of a Pareto distribution and an exponen-
tial Sternberg-type dispersal model. In a second set,
we specify the source sediment by the ratio of its
standard deviation and mean derived from ﬁeld
data and use the self-similar solution proposed by
Fedele and Paola (2007) for the down-system trend
in mean grain size. Building an understanding of
the impact of the changing distribution of grain size
is vital for prediction of subsurface sedimentary ar-
chitectures, gross depositional environments, and
sedimentary facies (Strong et al. 2005;Michael et al.
2013, 2014) and forms a key element in the ﬁelds
of sequence stratigraphy and basin analysis.Fragmentation and Fractal Statistics
of Natural Materials
If a parent rock breaks into smaller pieces, which
themselves break into smaller pieces and so on, weThis content downloaded from 129.0
All use subject to University of Chicago Press Termsshould expect the number of fragments N with a
size greater than a certain linear dimension x to de-
crease as the linear dimension increases. The num-
ber of fragments with a linear dimension greater
than x can be expressed by the fractal number re-
lation
N(X > x)pCx2Df , (1)
where Df is the fractal dimension associated with
fragmentation and C is a coefﬁcient. Df is typically
between 2 and 4 for a range of fragment types over
4–5 orders of magnitude of x (table 1; ﬁg. 1). The
number of fragments can be substituted by the vol-
ume or mass of sediment with particle sizes greater
than a certain linear dimension to enable compar-
ison with empirical plots of grain size distribution
derived from sieving (Tyler and Wheatcraft 1992;
Hyslip and Vallejo 1997). In such a case, equation
(1) is modiﬁed from its number-speciﬁc form to a
weight-speciﬁc form:
P(X<x)p
M (X > x)
MT
p
 x
xmax
m
, (2)
where P is the proportion by weight of particles
smaller than the sieve size x, M is the weight (or
mass) smaller than the sieve size, MT is the total
weight of sediment sieved, xmax is the maximum
sieve or screen size (through which all particles
pass), and m is an index of the spread of the particle
size distribution given by the slope of the power law
represented by equation (1). Since particle volume
or weight is related to the cube of particle number
(Turcotte 1997), the parameter m is related to the
fractal dimension by
Dfp 32m. (3)
Using equation (1), it can be seen that when the
grain size distribution is heavily loaded with ﬁne
particles the fractal dimension is large and that when
the grain size distribution is loaded with coarse par-
ticles the fractal dimension is small.
The fragmentation of a fractal cube in which di-
agonally opposed cube-shaped blocks are retained
while others are fragmented (Sammis et al. 1987)
gives cumulative statistics with a fractal dimen-
sion of 2.6, and the derived fractal dimension mea-
sured in fault gouges that have undergone comminu-
tion is very close to this theoretical value (Sammis
et al. 1987; Barton and LaPointe 1995; ﬁg. 1). A range
of 2.1–2.8 (clustered around 2.5) was found in a 26-m-
thick fault zone of cataclasis of carbonate rocks (Billi
and Storti 2004), indicating a predominance of com-
minution. Similar comminution processes in sub-
glacial sediment under the weight of an overlying31.246.100 on April 14, 2016 04:48:57 AM
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1995). However, a fractal analysis of 69 tills and
other types of glacial debris revealed a wide spread
of 2.4–3.4 for the fractal dimension, with much of
the variation thought to be caused by differences in
parent lithology rather than reﬂecting the fragmen-
tation process (Benn and Gemmell 2002).
Martinez-Mena et al. (1999) investigated the frac-
tal dimension of the fragments in various soils from
a range of climatic settings. The fractal dimension
ranged widely, from 2.92–3.25 for semiarid soils to
2.15–2.24 for temperate soils. A variety of loamy
soils provided high fractal dimensions in the range
of 3.01–3.42 (Tyler and Wheatcraft 1989), reﬂecting
the high proportion of ﬁne particles generated by
comminution. An analysis of 52 gravelly and sandy
soils gave an average fragmentation fractal dimen-
sion of about 2.7 (Hyslip andVallejo 1997). The loess
soils that cover 10%of Earth’s surface (Pye 1995) are
good examples of rock fragmentation. Analysis of
classic Chinese examples gave a range of 2.15–2.71
for the fractal dimension (Hou et al. 2009). There is
therefore a high degree of conformity in awide range
of soils in terms of fractal properties, but clay-rich
soils may be better explained by multiple fractal
dimensions rather than a single value (Posadas et al.
1997; Wang et al. 2008), since clay-grade sediment
may form by processes other than fragmentation.This content downloaded from 129.0
All use subject to University of Chicago Press TermSince the fractal dimension indicates the spread of
the grain size distribution, it is potentially a pow-
erful way of expressing in one parameter the nat-
ural variation of the grain size mix of the sediment
supply to basins at geologic time scales.Fractal Dimension of Sediments within
the “Erosional Engine”
It can reasonably be expected that the grain size
distributions of sediment released from catchments
will be similar to those of crushed or mechanically
disintegrated materials rather than to those of sedi-
ments that have undergone profound reworking and
sorting during transport. Hydraulic sorting during
transport is thought to generate grain size distribu-
tions of exponential or lognormal types (McEwen
et al. 1959; Middleton 1976; Ibbeken 1983; Allen
et al. 2015). In this study, a number of different rego-
lith and sediment types have therefore been analyzed
that might approximate the time-averaged charac-
teristics of the sediment efﬂux of upland catchments
on geologic time scales. These materials include (i)
bedload sediment in the main channels of the Pag-
liara, Fiumedinisi, and Agro catchments etched into
a region of active uplift at 1–1.5 mm yr21 in north-
eastern Sicily; (ii) coarse sediment at the outlet points
of catchments distributed along strike of topographicTable 1. Fractal Dimensions for the Particle Size of a Range of Fragmented Natural Materials,
Modiﬁed and Supplemented from Turcotte (1997; Table 3.2, p. 44)Material Fractal dimension Df31.246.100 on April 14
s and Conditions (http:/SourceDisaggregated gneiss 2.13 Hartmann 1969
Disaggregated granite 2.22 Hartmann 1969
Laboratory comminution of sand 2.2–2.6
2.3–2.6
Lu et al. 2003
Langroudi et al. 2014Fault gouge 2.60 Sammis and Biegel 1989
Cataclastic carbonate (31 samples) 2.1–2.9 Billi and Storti 2004
Soils 2.80 Wu et al. 1993
Gravelly and sandy soils (52 samples) 2.72–2.78 Hyslip and Vallejo 1997
Semiarid soils 2.92–3.25 Martinez-Mena et al. 1999
Temperate soils 2.15–2.24 Martinez-Mena et al. 1999
Terrace sands and gravels 2.82 Hartmann 1969
Loamy soils 3.01–3.42 Tyler and Wheatcraft 1989
Loess (quartz silt) 2.15–2.71 Hou et al. 2009
Glacial tills (69 samples) 2.4–3.4 Benn and Gemmell 2002
Glacial till 2.88 Hartmann 1969
Subglacial tills (3 samples) 2.84–2.96 Hooke and Iverson 1995
Debris ﬂow (California) 2.8 Hooke and Iverson 1995
Ash and pumice 3.54 Hartmann 1969
Ash falls and ash ﬂows (62 samples) 2.9–3.9 Kaminski and Jaupart 1998
Mud aggregates 2.0–2.25 Tambo and Watanabe 1979;
Kranenburg 1994
Asteroids and meteorites 2.48–2.51 Dohnanyi 1969; Hellyer 1971Note. In general, the higher the fractal dimension, the higher the relative percentage of ﬁne grains
in the size distribution of the material (Tyler and Wheatcraft 1992; Bitelli et al. 1999). Multiple frac-
tal dimensions may be necessary to describe soils with clay contents of 110% (Posadas et al. 1997)., 2016 04:48:57 AM
/www.journals.uchicago.edu/t-and-c).
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Italy; and (c) weathering products (regolith) in catch-
ments in southern Italy developed on a range of dif-
ferent rock types. Together, these data sets provide
an excellent idea of the typical fractal dimensions
of sediments and regolith stored in upland catch-
ments prior to export to sedimentary basins.
Methods. A number of different methods of grain
size measurement have been used, principally siev-
ing and Wolman clast measurement. Sediment was
sieved and weighed in the ﬁeld at 19 localities at
catchment outlets along the strike of the topo-
graphic range front in northeastern Sicily between
Taormina and Capo Milazzo (ﬁg. 2), and it was also
collected at several upstream locations in the Pag-
liara, Fiumedinisi, andAgro catchments (see tables 2,
3). Fine material of !10 mm was bagged, weighed,
and subjected to further sieving in the laboratory at
Imperial College. Exceptionally coarsematerial was
weighed in the ﬁeld and measured individually to
produce an estimate of average clast diameter. The
largest clast was never greater than 5%–10% of the
total sediment mass. The sieved data were used to
derive cumulative frequency distributions from
which estimates of intermediate axis median grain
size (D50) and coarse-fraction grain size (D84) wereThis content downloaded from 129.0
All use subject to University of Chicago Press Termsderived. Simultaneously, the major axes of grains
of 11mmweremeasured using theWolmanmethod
(Wolman 1954). One hundred clasts were measured
at random and the process was repeated twice, to
check on reproducibility of results, so 300 clasts
weremeasured at each locality in Sicily. Errors onD50
estimates from this measuring strategy were 10%–
15% from repeat Wolman point counts. Long axes
were measured, as it is very difﬁcult to measure ef-
fectively the intermediate axes of small clasts of
!20 mm; the ratio between the intermediate and
long axis in smaller clasts is usually 0.8–0.9 (Krum-
bein 1941), which is comparable to the error in D50
derived from repeated Wolman point counts at the
same locality. Consequently, we compared the Wol-
man point-count data to the sieved grain size data
without further correction.
The intercept of the log-log plot of (X > x)=MT
versus the normalized sieve size x/xmax is 0 if the
size distribution is perfectly fractal. Bearing in mind
the difﬁculty of sampling the very coarsest clasts,
which may weigh more than 50 kg, we allowed the
intercept to deviate slightly from 0 to achieve better
ﬁts to the main range of grain size. Inspection of log-
log plots indicates that data points for grain sizes of
!1 mm fall away from the linear regression, sug-Figure 1. Average fractal dimension for a range of natural materials (rocks, soils, regolith, sediments). 1 p dis-
aggregated gneiss; 2p disaggregated granite; 3, 4p laboratory comminution of sand; 5p fault gouge; 6p cataclastic
zone; 7p soils (general); 8p 52 gravelly and sandy soils; 9p semiarid soils; 10p temperate soils; 11p loamy soils;
12p loess (quartz silt); 13p terrace sands and gravels; 14p 69 glacial tills; 15p glacial till; 16p volcanic ash and
pumice; 17p 62 ash fall and ash ﬂow deposits. References are in table 1. A color version of this ﬁgure is available online.31.246.100 on April 14, 2016 04:48:57 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
Journal of Geology 409F R AGMENTAT I ON MOD E L O F G RA I N S I Z Egesting that these grain sizes are underrepresented
relative to the fractal prediction. Statistics were
therefore calculated by ﬁtting a straight line through
the remaining data points (ﬁg. 3A; table 2), which
improves the regression and gives more accurate
values for the slope m. Data sets that gave regres-
sion coefﬁcients (R2) of !0.9 were excluded from
the analysis (table 2).
The results from sieved samples can be compared
with the grain size distributions obtained from the
Wolman method (ﬁgs. 4, 5). Clast diameters mea-
sured using the Wolman method were binned into
sizes of !5, 10, 20, 40, 80, 160, and 320 mm to allow
the closest possible comparison with sieved data.
Data series were truncated at the very coarse end,
acknowledging the problems of sampling of boulders,
and at the ﬁne end for grain sizes of !1 mm, to im-
prove the regression and to facilitate comparison
with sieve results at the same localities (table 2).
Grain size data were also generated by sieving of
the bedload material in the main channel of threeThis content downloaded from 129.0
All use subject to University of Chicago Press TermSicilian catchments (Pagliara, Fiumedinisi, and
Agro; table 3), since it is reasonable to assume that
the sediment efﬂux of the catchment is similar in
size distribution to the sediment lying in its ac-
tive channels. Samples were obtained at 10, 10, and
11 stations in the Pagliara, Fiumedinisi, and Agro
catchments, respectively (table 3). At each station
in the downstream direction, between 100 and
300 kg of sediment was sieved.
The fractal dimension can be calculated in two
ways. First, taking the logarithm of both sides of
equation (2) gives a straight-line relationship be-
tween M(X< x)=MT and x/xmax if the distribution
is fractal, where the slope is mp 32Df (eq. [3]).
Equation (2) was used to determine the fractal di-
mension from sieve data collected at the 19 local-
ities at the outlets of Sicilian catchments (table 2).
Second, the value of the fractal dimension at each
station along the main channel of three catchments
in Sicily was interpolated by taking the proportion
by weight at two characteristic grain sizes, D84 andFigure 2. Hillshaded digital elevation model image showing study catchments in northeastern Sicily, Italy. Numbers
refer to catchment IDs as indicated in table 2 and ﬁgure 4. The inset shows the location of the study area with respect
to the island of Sicily. TFZ p Taormina normal fault zone.31.246.100 on April 14, 2016 04:48:57 AM
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mp
log P(X<D84)2 log P(X<D50)
log(D84)2 log(D50)
, (4)
where P(D84) and P(D50) are the proportions by
weight smaller than the 84th and 50th percentiles,
respectively.
The fractal dimension of weathering products
from a number of catchments in southern Italy (Ba-
silicata, Campania, and Calabria; ﬁg. 6) was also cal-
culated using this interpolation method (table 4).
Catchments in Basilicata and Campania are under-
lainbyFlyschmudstonesandsandstones, carbonates,
and red chert, whereas those in Calabria are under-
lain by gneiss and granite. The grain size properties
at the outlets of 23 of these catchments were also
measured using the Wolman clast-count method, so
that weathering products and sediment at the point
of export could be compared.
Results. Results are presented for samples col-
lected at catchment outlets in Sicily, from trunk
channels in three of those catchments, from reg-
olith in southern Italy, and at the outlet points ofThis content downloaded from 129.0
All use subject to University of Chicago Press Termscatchments along extensional faults in southern
Italy.
Samples at Catchment Outlets, Sicily (Table 2).
Values for the slope of the linear regression m
are given in table 2, together with the fractal di-
mension Df. All the fractal dimensions based on
sieving at catchment outlets are between 2 and 3
(ﬁg. 4), with an average value of 2.61 from 10 lo-
calities with R2 > 0.90. Estimates based onWolman
clast-count data give an average fractal dimension of
2.57 from 13 localities with R2 > 0.90, demonstrat-
ing that the two methods are compatible. Trun-
cating data points at the very coarsest and ﬁnest
grain sizes improves the regression. For sieved data,
the average fractal dimension is insigniﬁcantly
higher at 2.65 based on 17 localities, whereas for the
Wolman method Df is lower at 2.49 from 17 locali-
ties, indicating that the Wolman method records
relatively more of the coarse fraction of the grain
size distribution and, in comparison, sieving records
relatively more of the ﬁne fraction, as expected.
Graphs of fractal dimensions calculated from
sieved data versus Wolman clast-count data with-
out ﬁne or coarse truncation, from all localities,
gives a symmetrical spread about the 1∶1 line, withTable 2. Fractal Dimension Df of Sediment Samples Collected from the Outlet Points of Eastern Sicilian Catchments
along a Faulted Topographic Range FrontRiver name (catchment ID)
Drainage
area (km2)Distance along
strike (km)3
 aAll data1.246.100 on April 14, 2016 04:48:57
nd Conditions (http://www.journals.uTruncatedWolman Sieve Wolman AM
chicago.edu/t-and-SieveDf R2 Df R2 Df R2 Dfc).R2Taormina fault:
Alcantara (11) 430 2.75 2.37 .936 2.45 .967 2.37 .994 2.46 .982
Lettojanni (12) 27 11.15 2.36 .849 2.54 .975 2.48 .987 2.51 .951
San Filippo (72) 6 13.3 2.56 .953 2.56 .953 2.18 .979 2.54 .940
Forza D’Agro (73) 3 15.1 2.60 .955 2.60 .955 2.56 .942 2.61 .937
D’Agro (52) 83 18.5 2.70 .973 2.47 .972 2.39 .991 2.73 .986
Savoca (39) 44.5 21.35 2.59 .789 2.59 .789 2.08 .984 2.71 .947
Pagliara (32) 27 22.7 2.61 .780 2.61 .780 2.36 .968 2.72 .962
Alume (74) 10.75 24.85 2.55 .934 2.55 .934 2.48 .975 2.58 .915
Fiumedinisi (29) 50 27.35 2.42 .811 2.42 .811 2.62 .977 2.59 .938
Ali (30) 9 28.95 2.39 .797 2.29 .797 2.44 .989 2.50 .884
Itala (20) 11 33.25 2.65 .938 2.65 .938 2.62 .958 2.69 .947
Scaletta (18) 3 34.85 2.57 .797 2.57 .797 2.58 .959 2.68 .828
San Peiolo (17) 11 36.2 2.59 .926 2.59 .926 2.65 .938 2.64 .941Capo Milazzo:
Gallo (88) 9.86 1.8 2.75 .913 2.70 .915 2.74 .997 2.79 .923
Pelontano (83) 8.33 9.0 2.74 .598 2.74 .598 2.74 .995 2.87 .957
Grancabella (84) 7 11.7 2.59 .791 2.27 .949 2.08 .988 2.70 .945
Corsari (85) 5 15.66 2.63 .994 2.62 .946 2.55 .989 2.64 .992
Tono (86) 8.69 35.37 2.68 .972 2.71 .961 2.67 .979 2.70 .969
Guideo (87) 5.95 40.23 2.52 .881 2.68 .974 2.64 .995 2.61 .977Note. Fractal dimension is derived from the slope of the best-ﬁtting linear regression of normalized weight versus
size derived from wet sieving. Results are given for the Wolman and sieving methods, for all data and for data with
truncation of the data series at the very coarse and ﬁne ends, to increase the ﬁt.
Journal of Geology 411F R AGMENTAT I ON MOD E L O F G RA I N S I Z Eup to 10% deviation (ﬁg. 5A), whereas the trun-
cated data with a free intercept indicate a preferred
drift of up to 20% (ﬁg. 5B). This asymmetry again
suggests that sieved data representing the full grain
size distribution may exhibit somewhat higher frac-
tal dimensions than Wolman clast counts restricted
to gravel. In general, however, the fractal dimensions
calculated from the two methods are closely com-
parable.
Trunk Channels of Catchments, Sicily (Table 3).
The average fractal dimension calculated by inter-
polation between the grain sizes of D84 and D50 ob-
tained by sieving in the main channel of the Pag-
liara, Fiumedinisi, and Agro catchments ranges from
2.59 for the large (50-km2) Fiumedinisi catchment
(np 10) to 2.65 for the small (27-km2) Pagliara catch-
ment (np 11) and to 2.70 for the largest (83-km2)This content downloaded from 129.0
All use subject to University of Chicago Press TermAgro catchment (np 10), suggesting that there is
no clear dependency of fractal dimension on catch-
ment area within the range investigated in this
study (ﬁg. 4). There are no signiﬁcant downstream
trends in the ratio D84/D50 or in the fractal dimen-
sion.All catchments have fractal dimensions that are
indistinguishable from those calculated from sedi-
ment at the river outlets. Evidently, the geometric
ratio D84/D50 from clast counts can reliably be used
to estimate fractal dimensions without the need for
labor-intensive sieving.
Regolith, Southern Italy (Table 4). Weathering
products in catchments in Campania-Basilicata
(17 localities) and Calabria (6 localities; ﬁg. 6) have
fractal dimensions that range from an average of
2.30 (np6) for the gneisses and granites of Cala-
bria to 2.42 (np 6) for the Flysch mudstones andTable 3. Grain Size Characteristics of Bedload Sediment in the Main Trunk Channel of the
Pagliara, Fiumedinisi, and Agro Catchments, Sicily, Obtained by SievingUpstream distance in km (locality ID)sD84 (mm)31.246.100 on April 14, 2
 and Conditions (http://wwD50 (mm)016 04:48:57 AM
w.journals.uchicago.eduDfPagliara:
11.568 (39) 215.9 35.1 2.71
11.015 (37) 39.2 16.3 2.41
10.617 (42) 15.8 2.0 2.75
10.599 (41) 30.3 4.7 2.72
9.398 (36) 102.8 23.9 2.64
7.125 (35) 72.1 13.3 2.69
6.137 (34) 49.3 9.1 2.69
6.084 (3) 119.0 31.6 2.61
3.458 (1) 39.1 12.8 2.53
2.082 (44) 31.0 4.0 2.75
.425 (33) 31.5 6.4 2.67
Average 64.1 22.4 2.65Fiumedinisi:
11.300 (25) 110.5 27.3 2.63
11.020 (27) 125.7 50.6 2.43
10.816 (21) 46.5 16.6 2.50
9.255 (6) 153.6 48.1 2.55
9.185 (7) 136.6 18.1 2.74
6.730 (28) 30.1 9.5 2.55
5.862 (29) 139.0 29.3 2.67
3.579 (10) 137.1 43.8 2.55
1.859 (5) 105.2 26.8 2.62
1.100 (30) 54.3 13.9 2.62
Average 76.3 34.1 2.59Agro:
14.269 (49) 77.5 22.7 2.58
12.165 (62) 35.1 5.5 2.72
8.154 (60) 37.5 9.7 2.62
6.309 (54) 105.7 16.0 2.72
6.178 (53) 26.5 3.0 2.76
5.982 (52) 33.17 6.7 2.68
4.365 (51) 46.34 6.5 2.74
4.192 (55) 37.1 6.4 2.70
2.687 (50) 32.8 4.7 2.73
.548 (45) 44.2 5.4 2.75
Average 49.2 8.9 2.70/t-and-c).
412 P . A . A L L E N E T A L .sandstones of Campania-Basilicata and to 2.48
(np 10) for the carbonates of Campania-Basilicata
(ﬁg. 7A). However, the fractal dimension for weath-
ering products is highly variable for catchments
underlain by Flysch mudstones and sandstones and
gneisses/granites but is relatively uniform for catch-
ments underlain by carbonates. This property has
signiﬁcance for the export of sediment from catch-
ments of different bedrock lithology.
Catchment Outlets, Southern Italy. The esti-
mated values of fractal dimension from weathering
products can be compared with those for sediment at
the outlets of catchments in the same region. Sedi-
ment at the outlets of 23 catchments along the Vallo
di Diano and East Agri faults in Campania-Basilicata
have an average fractal dimension of 2.42 by the in-
terpolation method (ﬁg. 7B). This value reﬂects the
mixed bedrock lithologies and is very close to theThis content downloaded from 129.0
All use subject to University of Chicago Press Termsaverage of the weathering products in the tectoni-
cally uplifting catchments, showing that weather-
ing products are little modiﬁed during the process
of sediment mobilization before export to adjacent
basins. In addition, the variation in fractal dimen-
sion at catchment outlets is small compared with
the variation in the regolith caused by lithologic con-
trols. This suggests that although the average fractal
dimension changes little from regolith to catchment
outlet, the source materials undergo some homogeni-
zation. It is expected that large catchments are more
effective at homogenization than small, but no re-
lationship between fractal dimension and contrib-
uting drainage area is evident (ﬁg. 7B).
In summary, the fractal dimension of weather-
ing products and sediment at catchment outlets in
southern Italy are identical and are a good indica-
tor of the grain size mix of the sediment supply to
sedimentary basins. Likewise, in Sicily the fractal
dimensions of sediment sampled at a number of
stations along the main trunk channels of three
catchments are indistinguishable from those calcu-
lated from sediment at catchment outlets (ﬁg. 4).Numerical Simulations Using a Variable
Grain Size Distribution in the Supply
We have shown that the fractal dimension of the
grain size distribution of sediment stored in up-
land catchments as regolith and bedload of trunk
channels lies within a range that is explainable by
the dominant control of fragmentation but with
variability caused by differences in bedrock lithol-
ogy. Information on the grain size mix of the sedi-
ment supply to basins is critical for down-system
prediction. Simulations are therefore carried out us-
ing a physical sediment transport model to test the
sensitivity of stratigraphic architectures to variations
in the grain size characteristics of the supply.
Although the fractal dimension has the advan-
tage of describing the grain size distribution of sed-
iment in one number, fractal distributions do not
have meaningful values of mean and standard devi-
ation since they are scale invariant. However, the
fractal power law, represented by equation (1), has
the same form as the Pareto distribution, which is
described by a shape parameter a representing the
spread of the distribution and a scale parameter k
representing the minimum grain size (Schroeder
1991; Hastings and Sugihara 1993; Vidondo et al.
1997). The unknown parameters of the Pareto dis-
tribution can be evaluated by interpolation between
speciﬁed grain size values. Here, interpolation is
carried out using values of the 84th and 50th per-
centiles derived from the cumulative function dis-Figure 3. A, Log-log plot of the normalized grain size
xpx=xmax versus the mass smaller than the sieve size
with a straight line ﬁt of gradientm. Data are for a sieved
sample obtained at a locality at the mouth of the D’Agro
catchment, eastern Sicily. B, Cumulative distribution func-
tion for grain size for a range of values of the fractal dimen-
sion. The cumulative distribution function that best ﬁts
the D’Agro data is shown (mp0.27, Dfp 2.73). There is
a greater contribution from ﬁne grain sizes with higher
values of the fractal dimension.31.246.100 on April 14, 2016 04:48:57 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
Journal of Geology 413F R AGMENTAT I ON MOD E L O F G RA I N S I Z Etribution of grain size based on Wolman-type clast
counts. If the proportion of a sample that has par-
ticles below a grain size Db is denoted by Pb and the
proportion of a sample that has particles below a
grain size Dc is denoted by Pc, the estimate of the
shape parameter a is
ap
log(12Pb)2 log(12Pc)
log(Dc)2 log(Db)
, (5)This content downloaded from 129.0
All use subject to University of Chicago Press Termand the estimate of the scale parameter k is given
by
kp

Pc2Pb
(1=Dab)2 (1=Dac)
1=a
. (6)
Plots of fractal dimension Df derived from sieved
and clast-count data versus Pareto shape parameter
a derived from interpolation of D84 and D50 have aFigure 4. A, Histogram of fractal dimension for bedload samples in the main channels of the Pagliara, Fiumedinisi,
and Agro catchments, Sicily. Localities are arranged according to distance upstream of the outlet. B, Fractal di-
mension from sediments at the outlet points of catchments etched into a region of active tectonic uplift in Sicily
based on Wolman clast-count and sieve data. Localities are arranged on the basis of the along-strike distance along the
basin-margin faults. A color version of this ﬁgure is available online.31.246.100 on April 14, 2016 04:48:57 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
414 P . A . A L L E N E T A L .regressionDfp 320.45a, fromwhich it can be seen
that a≈2.22m.
The mean of the Pareto distribution mP is given
by
mPp
ak
a2 1
(7)This content downloaded from 129.0
All use subject to University of Chicago Press Termsfor a > 1. This mean value for a Pareto distribution
with shape parameter a and scale parameter k can
be used to calibrate the input to a sediment dis-
persal model. For the sediment samples analyzed,
mP ranges between approximately 10 and 60 mm.
The downstream trend in particle size is gener-
ally treated as exponential (Sternberg 1875; Pizzuto
1995; Rice 1999). The observed rate of downstream
ﬁning is commonly too rapid to be explained by
abrasion and instead is interpreted as being due to
size-selective deposition (Fedele and Paola 2007;
Attal and Lave 2009). Duller et al. (2010) examined
the sensitivity of downstream ﬁning in gravels to
changes in the controlling variables, such as the
initial sediment discharge and the background tec-
tonic subsidence, as well as to parameters relating
to the grain size distribution of the sediment.
We initially disperse sediment down-system us-
ing a simple Sternberg-type exponential function of
the form
m(x)p m0 exp(2Cy), (8)
where m0 is the mean grain size of the sediment
supply, taken as the mean of clasts with a Pareto
size distribution mP; m(x) is the mean grain size as a
function of the normalized down-system distance
xp x=L;L is the total depositional length of interest
in the sediment routing system; y(x) is the cumu-
lative down-system sediment deposition in the
normalized (mass balance) coordinate system; and
C is a coefﬁcient that describes the rate of decrease
in mean grain size in the down-system direction.
If the initial mean grain size is 60 mm and the nor-
malized cumulative down-system deposition is 0.5
(that is, half of the total sediment has been depos-
ited), the mean grain size of the deposit ranges from
36 to 47 mm for values of C between 1 and 0.5, re-
spectively. C therefore reﬂects the fractionation of
clasts from the surface ﬂux, which depends on its
variance of grain size. This in turn should be in-
versely dependent on the Pareto shape parameter
of the sediment supply. C is taken to be 0.75 in the
simulations. The value of mP is used as the mean
of the sediment supply m0 in equation (8), which be-
comes
m(x)p
ak
a2 1
exp(2Cy). (9)
Equation (8) is a simpliﬁed version of that proposed
byFedele andPaola (2007) andappliedbyDuller et al.
(2010) and Armitage et al. (2011), which includes
terms for variance of the grain size distribution. The
normalized grain size trend m(x) is given by
m(x)pm01 j0
C2
C1
h
exp(2C1y)2 1
i
, (10)Figure 5. A, Plot of the fractal dimension derived from
sieve data versus Df derived from the Wolman clast-
count method at the same localities at outlet points of
catchments along the topographic range front, eastern
Sicily. The plot includes all data without coarse or ﬁne
truncation of the log-log plots. The bulk of the data
points fall with 10% of the 1∶1 line. B, Plot of the fractal
dimension from sieve data versus Df derived from the
Wolman clast-count method at the same localities at
outlet points of catchments along the topographic range
front. The plot shows values of Df obtained after trun-
cation of linear regressions in log-log plots at the very
coarse and ﬁne ends. Truncation leads to asymmetry in
the data cloud, with Df from sieving exceeding that from
Wolman clast counting.31.246.100 on April 14, 2016 04:48:57 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
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dard deviation in the sediment supply, respectively;
y(x) is the normalized cumulative downstream
sediment deposition; x is the normalized down-
system distance (x/L); and the coefﬁcientsC1 andC2
describe the local variability related to the transfer
of particulatematerial from the surfaceﬂow into the
sedimentary deposit at a particular site and the re-
gional variability arising from downstream change
in the mean grain size in the whole system, respec-
tively. Conceivably, there could be perfect selec-
tivity of particles during selective deposition, in
which case there would be zero variance at a par-
ticular site but strong downstream ﬁning. On
the other hand, selectivity of grain sizes during the
extraction from the surface ﬂow into the deposit
may be weak, in which case the variance in the de-
posit may be high but the downstream ﬁning small.
The ratio of the two constants,C1/C2, termed the co-
efﬁcient of variation Cv, has a limited range of val-
ues and is approximately constant for a ﬂuvial sys-
tem. C1 exists over a theoretical range of 0.55 to 0.95
(ﬁg. 4 in Duller et al. 2010), with high values of C1
promoting more rapid rates of downstream ﬁning.
Equation (10) shows that the downstream ﬁn-
ing of gravel is sensitive to the standard deviation
in the sediment supply j0 (Paola and Seal 1995;
Robinson and Slingerland 1998; Fedele and PaolaThis content downloaded from 129.0
All use subject to University of Chicago Press Term2007). More rapid rates of downstream ﬁning oc-
cur at high values of j0/m0, since a wider variation
in clast sizes allows the largest clasts to be ex-
tracted more rapidly (ﬁg. 5 in Duller et al. 2010). A
plot of j0/m0 (where j0 is the standard deviation in
the sediment supply and m0 is the mean grain size
in the supply) using clast-count data from catch-
ment outlets along the topographic range front in
Sicily and Campania-Basilicata and from weather-
ing products in Campania-Basilicata and Calabria
versus fractal dimension and Pareto shape param-
eter is shown in ﬁgure 8. As Df increases and a
decreases, there is an increasing contribution to
the distribution from small fragments, which is
reﬂected in an increase in the value of j0/m0. Most
values of j0/m0 fall in the range 0.6–1.7, which cor-
responds to the range of 2<Df< 3 and 0<a<2.22
found in the southern Italian and Sicilian data sets.
This range of j0/m0 is employed in the numerical
simulations.
Simulations of the downstream ﬁning of mean
grain size are carried out with background subsi-
dence approximated by an exponential function,
analogous to an extensional halfgraben bounded by
a border fault or to a ﬂexural foreland basin (Allen
and Allen 2013). The discharge of the sediment sup-
ply and the spatial distribution of tectonic subsi-
dence are kept steady duringmodel runs.Figure 6. Simpliﬁed lithologic maps of the Campania-Basilicata (A) and Calabria (B) ﬁeld areas, overlying a
hillshaded digital elevation model image. Localities of ﬁeld sampling of weathering products are shown in red, and
sampling sites of sediments at the outlets of footwall catchments are marked with a black star.31.246.100 on April 14, 2016 04:48:57 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
416 P . A . A L L E N E T A L .In the sediment transport model, change in ele-
vation of the deposited sediment is assumed to be
a function of the subsidence and the divergence of
sediment across the surface, following the Exner
continuity equation for mass:
∂z=∂tpU2 ∂qs=∂x, (11)
where z is elevation, U is the subsidence ﬁeld
taken to be an exponential proﬁle with a maximum
of 5 mm yr21, and qs is the sediment ﬂux.
To capture the ﬁrst-order processes of sediment
transport, we follow Smith and Bretherton (1972)
and assume that sediment ﬂux, qs, is a function of
slope, ∂z/∂x, and surface water ﬂux, qw:
qsp2k
∂z
∂x
2 cqnw
∂z
∂x
, (12)
where kp 0.01 m2 yr21 is a linear diffusion coefﬁ-
cient that captures gross-scale hill-slope processes,
cp 1#1025 m22 yr21 is the water transport coefﬁ-
cient, andnp 2, followingSimpsonandSchlunegger
(2003). Change in these parameters will affect how
the system responds to changes in water ﬂux and
subsidence (Armitage et al. 2011, 2013). However,
as we are interested in exploring how source grain
size distribution affects the dispersal of sediment
down-system, these parameters are ﬁxed. Finally,This content downloaded from 129.0
All use subject to University of Chicago Press Termsthe water ﬂux is assumed to be given by the pre-
cipitation rate, a, multiplied by the down-system
length plus the water ﬂux from the catchment of
length lc: qwpax1alc. Sedimentﬂux is then solved
for a depositional domain that is 10 km long. The
boundary conditions are of ﬁxed elevation at the
downstream limit of the system at 10 km, and at
the head of the system there is a constant supply
of sediment of 1 m2 yr21 required to ﬁll the basin.
Two sets of simulations are carried out:
1. Set A: A simple exponential decline in mean
grain size is combined with the physical sediment
transport model with steplike (A1) and gradual
(A2) changes in the starting mean grain size mPp m0
(ﬁgs. 9, 10).
2. Set B: Sediment deposition is governed by the
self-similar solution of equation (10) combinedwith
the physical sediment transport model with step-
like (B1) and gradual (B2) changes in the ratio of
the standard deviation to the mean grain size in the
sediment supply j0/m0 (ﬁgs. 11, 12). Cv is held con-
stant at 1.2 in the simulations, and j0/m0 values are
derived from ﬁeld clast-count data.
In the case of the simple exponential model, the
Paretomean grain size in the sediment supply is held
constant at 35 mm before a step or gradual change
at 2.5-m.yr. model time. The step change involves aTable 4. Grain Size Characteristics of Weathering Products (Regolith) from Catchments in Southern Italy Derived
from the Wolman Clast-Count Method31.24
 and Locality ID6.100 on April 14
Conditions (http://D84 (mm), 2016 04:48:57
www.journals.uD50 (mm) AM
chicago.edu/t-aD84/D50nd-c).DfFlysch and sandstones (Campania-Basilicata):
Gorglione Formation (sandstones) 10 50 7 7.14 2.72
Flysch Galestrino (siltstones/very ﬁne sandstones) 12 50 15 3.33 2.55
Flysch di Albidona (ﬁne sandstones) 38 48 17 2.82 2.48
Miocene sandstones (M; calcareous sandstones) 54 28 14 2.00 2.22
Monte Sierio Formation (M33; mudstones/ﬁne sandstones) 46 45 25 1.80 2.08
Monte Sierio Formation 47 45 21 2.14 2.29Carbonates (Campania-Basilicata):
Sucrosic limestones (E1C1) 42 66 26 2.54 2.42
Calcarenites (L1T6) 43 80 30 2.67 2.45
Calcarenites (L1T6) 45 59 24 2.46 2.39
Dolomites (Ts) 48 65 21 3.10 2.52
Calcarenites (CsCi) 52 45 14 3.21 2.54
Calcarenites (Gs) 53 20 50 2.50 2.41
Carbonate conglomerates (CsT6) 61 92 27 3.41 2.56
Cherty limestones (TsT4) 68 65 26 2.50 2.41
Cherty limestones (TsT4) 69 72 28 2.57 2.43
Cherty limestones (TsT4t) 29 53 21 2.52 2.41
Red chert (GsTs) 49 51 22 2.32 2.35Granites and gneisses (Calabria):
Gneiss 46 58 25 2.32 2.36
Gneiss 49 71 35 2.03 2.23
Gneiss 78 51 29 1.76 2.04
Gneiss 125 60 32 1.88 2.14
Granite 106 66 29 2.28 2.34
Granite 122 43 15 2.87 2.49Note. The fractal dimension is obtained by interpolation of D84 and D50. Lithologic codes refer to Italian geologic maps.
Journal of Geology 417F R AGMENTAT I ON MOD E L O F G RA I N S I Z Edoubling or halving of the Pareto mean followed
by 2.5 m.yr. of relaxation. In the case of a gradual
change, the Pareto mean increases or decreases to
values of 60 and 10 mm after 5-m.yr. model time. In
the simulations using the self-similar solution of
Fedele and Paola (2007), the value of j0/m0 is set at
1.0 for the ﬁrst 2.5 m.yr., then increases to 1.5 or
decreases to 0.5 in step or gradual changes. It isThis content downloaded from 129.0
All use subject to University of Chicago Press Termemphasized that the patterns of grain size in basin
stratigraphy shown in the simulations are entirely
driven by variations in the statistical properties of
the grain size mix of the sediment supply.
Simulations using the simple exponential model
show marked shifts in grain size at the time of the
step change. A steplike increase in the mean size of
the sediment supply causes an abrupt upward coars-Figure 7. A, Histogram of the fractal dimension of weathering products in catchments in Campania-Basilicata and
Calabria, southern Italy, with main catchment lithology. B, Histogram of the fractal dimension of sediments at the
outlets of catchments in Campania-Basilicata along the Vallo di Diano and East Agri faults. Localities are arranged
according to the size of the contributing drainage area.31.246.100 on April 14, 2016 04:48:57 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
418 P . A . A L L E N E T A L .ening and the down-system extension of the gravel
front followed by gradual retrogradation, producing
a tongue or sheet of coarse gravel. A steplike de-
crease in mean grain size of the supply causes an
abrupt upward ﬁning and retraction of the gravel
front. A gradual increase in the mean size of the sup-
ply causes an upward coarsening, but the trend is
relatively slow and leads to long-term progradation.
Likewise, the gradual reduction in the mean size of
the supply results in a basin-wide ﬁning in stratig-
raphy and long-term retrogradation.
Sedimentary architectures generated in simula-
tions using the self-similar solution are consistent
with those using the simple exponential model. A
steplike increase in the ratio j0/m0 results in a pro-
nounced gravel tongue, whereas the steplike de-
crease produces a surface marked by strong but
short-lived retrogradation. A gradual increase in the
ratio j0/m0 causes an increase in progradation, re-
sulting in a long-term trend of upward coarsening. A
gradual decrease causes long-term retrogradation
and slow upward ﬁning.
Simulations reproduce features that are thought
to be diagnostic of the relative sea level changes
invoked in sequence stratigraphy, such as the abrupt
upward ﬁning and retrogradation associated withThis content downloaded from 129.0
All use subject to University of Chicago Press Termsﬂooding surfaces and backstepping shoreline tra-
jectories generated by relative sea level rise and
the coarse-grained rapid regressions and prograding
shoreline trajectories generated by relative sea level
fall. These features were generated by variations in
the grain size characteristics of the supply, with no
changes taking place in base level, sediment ﬂux, or
tectonic subsidence.Discussion and Conclusions
In present-day geomorphic settings, a range of fac-
tors can be identiﬁed that affect the breakdown of
rock to produce regolith and sediment. The result-
ing grain size distribution is commonly fractal, rep-
resenting the fragmentation process. In geologic
settings, preserved stratigraphy represents the de-
positional record of ancient sediment routing sys-
tems, but the upland catchments acting as erosional
engines have vanished by net erosion. Consequently,
the precise contribution of the factors affecting the
grain size characteristics of the sediment supply to
basins is unknown and essentially unknowable. The
broad characteristics of the grain size distribution of
the sediment supply can, however, be approximatedFigure 8. Plot of fractal dimension Df and Pareto shape parameter a versus the ratio j0/m0, for a range of sediments
and regolith in the erosional engine. There are considerable uncertainties in associating fractal dimensions to par-
ticular values of j0/m0. The ratio j0/m0 is, however, centered on a value of about 1, and most values fall within the range
0.6–1.7. This range is incorporated into the simulations using a physical sediment transport model. A color version of
this ﬁgure is available online.31.246.100 on April 14, 2016 04:48:57 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
Journal of Geology 419F R AGMENTAT I ON MOD E L O F G RA I N S I Z Eby a single parameter, the fractal dimension, which
describes the relative contribution of ﬁne and coarse
grain sizes to the grain size mix. We ﬁnd that the
fractal dimension of weathering products and bed-
load sediment in the trunk channels of upland catch-
ments, including sediment at their outlet points, is
within a relatively narrow range of 2.3–2.7. Grain
size analysis of samples from catchments in south-This content downloaded from 129.0
All use subject to University of Chicago Press Termern Italy indicates that variations in bedrock lithol-
ogy inﬂuence the estimates of fractal dimension but
that such differences are partly homogenized dur-
ing transport from regolith to the catchment outlet
points. Future studies should examine this homog-
enization process more closely by investigating a
broader range of catchment sizes, bedrock litholo-
gies, and climatic variables.Figure 9. Simulation of grain size variation over a 5-m.yr. time period in a halfgraben or ﬂexural-type basin with a
maximum tectonic subsidence of 5 mm yr21, using a Sternberg-type exponential decline in mean grain size. Two
scenarios are modeled involving a step-change increase (run A1.1) and step-change decrease (run A1.2) in the mean
grain size of the sediment supply (m0), which has a distribution following the Pareto model. Step change takes place at
2.5 m.yr., followed by relaxation (A). B and C show cross sections of the basin, with stratigraphy color coded for mean
grain size m(x). B shows the effects of a step-change increase in m0 from 35 to 60 mm, which causes an abrupt upward
coarsening and an advance of the gravel front, followed by retrogradation. C shows the effects of a step-change re-
duction in m0 from 35 to 10 mm, which causes an abrupt upward ﬁning in grain size and upstream retraction of the
gravel front, followed by gradual progradation.31.246.100 on April 14, 2016 04:48:57 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
420 P . A . A L L E N E T A L .Fractal dimensions obtained from sieving are mar-
ginally but systematically higher than those derived
from themeasurement of clasts of gravel grade using
the Wolman method. Sieving of ﬁeld samples pro-
vides themost accuratemeasure of the full grain size
distribution but is laborious. However,Wolman clast
measurement allows the calculation of the ratio of
the 84th and 50th percentiles of gravel-grade sedi-
ment: these are close to the values obtained fromThis content downloaded from 129.0
All use subject to University of Chicago Press Termssieving. Consequently, the Wolman method of clast
size analysis provides a reliable indicator of the en-
tire grain size spectrum.
Fractal distributions are scale invariant and do not
have meaningful means and variances that might
serve as input for numerical simulations of the down-
system dispersal of sediment. However, the Pareto
distribution is uniquely characteristic of fractals. The
unknown parameters of the Pareto distribution canFigure 10. Simulation of grain size variation in a halfgraben or ﬂexural-type basin with a maximum tectonic sub-
sidence of 5 mm yr21 over a 5-m.yr. time period, using a Sternberg-type exponential decline in mean grain size. Two
scenarios are modeled involving a gradual increase (run A2.1) and a gradual decrease (run A2.2) in the mean grain size
of the sediment supply (m0), which has a distribution following the Pareto model (A). B and C show cross sections of
the basin, with stratigraphy color coded for mean grain size m(x). B shows the effects of a gradual increase in m0 from
35 to 60 mm, which causes an upward coarsening and prolonged progradation leading to a down-system extension
of the gravel front. C shows the effects of a gradual reduction in m0 from 35 to 10 mm, which causes an abrupt upward
ﬁning in grain size and upstream retraction of the gravel front.31.246.100 on April 14, 2016 04:48:57 AM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
Figure 11. Simulation of grain size variation in a halfgraben or ﬂexural-type basin with a maximum tectonic sub-
sidence of 5 mm yr21 over a 5-m.yr. time period, using the self-similar solution of Fedele and Paola (2007). Two
scenarios are modeled involving a step-change increase (run B1.1) and a step-change decrease (run B1.2) in the ratio
j0/m0 at 2.5 m.yr., followed by relaxation (A). B and C show cross sections of the basin, with stratigraphy color coded
for mean grain size m(x). B shows the effects of a step-change increase in j0/m0 from 1 to 1.5, which causes an abrupt
upward coarsening in grain size and a downstream extension of the gravel front. C shows the effects of a step-change
reduction in j0/m0 from 1.0 to 0.5, which causes an abrupt upward ﬁning in grain size and a retreat of the gravel front,
followed by slow progradation.This content downloaded from 129.031.246.100 on April 14, 2016 04:48:57 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
Figure 12. Simulation of grain size variation in a halfgraben or ﬂexural-type basin with a maximum tectonic sub-
sidence of 5 mm yr21 over a 5-m.yr. time period, using the self-similar solution of Fedele and Paola (2007). Two
scenarios are modeled involving a gradual increase (run B2.1) and a gradual decrease (run B2.2) in the ratio j0/m0 at
2.5 m.yr. (A). B and C show cross sections of the basin, with stratigraphy color coded for mean grain size m(x). B shows
the effects of a gradual increase in j0/m0, which causes an upward coarsening in grain size and progressive down-
system extension of the gravel front. C shows the effects of a gradual reduction in j0/m0, which causes a slight upward
ﬁning of mean grain size and minor retrogradation.This content downloaded from 129.031.246.100 on April 14, 2016 04:48:57 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).
Journal of Geology 423F R AGMENTAT I ON MOD E L O F G RA I N S I Z Ebe calculated by interpolation fromvalues of the 84th
and 50th percentiles, from which a mean can be es-
timated. This Paretomean is used to characterize the
sediment supply in numerical simulations, and the
shape parameter of the Pareto distribution, which
describes the spread of the grain size distribution, is
directly related to the fractal dimension.
The ﬁrst set of simulations uses a Sternberg-type
exponential decline inmean grain sizewith distance,
using an initial grain size in the sediment supply
ranging between 10 and 60 mm, corresponding to
values of the Pareto shape parameter of 1.1–2.2 and
values of the fractal dimension of 2–2.5. The second
set of simulations uses the self-similar solution of
Fedele and Paola (2007), with a j0/m0 ratio of 0.5–
1.5. This is close to the range found in the ﬁeld data
sets from southern Italy and Sicily of 0.6–1.7, corre-
sponding to a range of fractal dimension of 2–3 and
Pareto shape parameter of 0–2.2. These ranges of val-
ues are applicable to the relatively small, steep, tec-
tonically active catchments studied, but future re-
searchshouldexaminethestatisticalpropertiesof the
sediment supply from as wide a range of lithologic,
tectonic, topographic, and climatic settings as pos-
sible. Bymaking steplike and gradual changes in the
grain size mix of the sediment supply, stratigraphic
trends are generated that conventionally would be
interpreted as being due to base-level change or sedi-
ment ﬂux variations. Stratigraphic grain size trends
and architectures are therefore highly nonunique in
terms of their forcingmechanisms.This content downloaded from 129.0
All use subject to University of Chicago Press TermFractal models of various types of aggregates and
soils require the physical properties of the original
material and the energy used in fragmenting this
material to be known (Perfect 1997). There is there-
fore a potentially very wide range of factors that
may be important, such as the mineralogy, crystal or
grain size, porosity, presence of water (especially in
clay-rich rocks and those with high pore-ﬂuid pres-
sure), and foliation (especially in slates, phyllites, and
schists) of rocks and soils acting as original materials
and the temperature changes (Smalley et al. 2005),
wetting and drying (Smith et al. 2002), salt growth
(Pye 1995), frost cracking (Wright et al. 1998), and
transport processes—including rainsplash, biological
disturbance, rockfalls, landslides and debris ﬂows,
wind, glaciers, and rivers (Smalley et al. 2006)—act-
ing as energy sources for fragmentation. Such physi-
cal properties and energy sources are determined by
the bedrock geology and regolith- and soil-forming
processes in variable climatic and topographic set-
tings. Yet there is at present a scarcity of system-
atic experimental and ﬁeld observations on the frag-
mentation of natural materials comprising rocks
and soils keyed to a range of topographic and cli-
matic settings. Prolonged action and intense rates
of disintegration processes, such as frost cracking,
are expected to lead to relatively higher amounts of
ﬁne fragments, increasing the fractal dimension.
Fracture density, structural fabric, and crystal/par-
ticle size affect the size distribution of fragments.
These factors depend on the wide range of lithologicFigure 13. Speculative mapping of fractal dimension of regolith onto graphs of climatic parameters (A) and geo-
morphic parameters (B).31.246.100 on April 14, 2016 04:48:57 AM
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lithology on the fragmentation process can be seen
from the disintegration of quartz-bearing igneous
and metamorphic rocks (schists, gneisses) to pro-
duce quartz silt, whereas silt is deﬁcient in the
weathering of ﬁne-grained sedimentary and meta-
morphic rocks, such as shales, phyllites, and slates
(Jefferson et al. 1997).
The coarse-end grain size released from catch-
ments scales on rock mass strength (Selby 1980),
which in turn varies according to bedrock geol-
ogy. In the Italian catchments studied, rock mass
strength calculated from Schmidt hammer tests
was consistently higher in carbonate terrains than
in regions underlain by sandstones and shales. Field
estimates of uniaxial compressive strength (Hoek
and Brown 1997) shows a variation of rock mass
strength based on the degree of foliation and frac-
turing.
The fractal dimension generated by the commi-
nution of rocks is an index of the irregularity of the
grain size distribution of the granular material: the
higher the value of Df, the greater the proportion of
ﬁne particles in the particle size distribution. Lab-
oratory grinding experiments suggest that the frac-
tal dimension should also increase with the time
period of comminution. However, the fractal dimen-
sion stabilizes after a critical period of grinding: what
this critical period is in nature is unknown, but the
possibility exists that the fractal dimension recorded
from sediment deposits may be an intrinsic property
that is diagnostic of the fragmentation process. InThis content downloaded from 129.0
All use subject to University of Chicago Press Termsthe grinding experiment of a well-sorted shallow
marine sand from the Lower Cretaceous of Leigh-
ton Buzzard, England, the fractal dimension con-
verged over time at a value of 2.5 (Lu et al. 2003;
Langroudi et al. 2014). Lower fractal dimensions,
indicating relatively high proportions of large frag-
ments, may result from tectonic uplift or seismic
shaking triggering landslides or from reworking and
sorting. Rapid export of newly generated scree, reg-
olith, and debris cones in steep catchments is also
expected to reduce the fractal dimension.
Physical disintegration cannot be realistically sep-
arated from chemical weathering. Taking both, there
are trends in the intensity of physical and chemical
weathering based on variations in average tempe-
rature and average rainfall (ﬁg. 13). Strong physical
weathering typiﬁes the high latitudes of the subarc-
tic and tundra under low temperatures and low to
moderate rainfalls. Physical weathering is interme-
diate in humid continental settingswhere frost crack-
ing takes place but is low in dry, hot desert climates
with the exception of coastal deserts, where rates of
salt weatheringmay be high (Goudie and Viles 2008).
Chemical weathering generates clay minerals by the
breakdownof silicate rocks.Consequently,we should
expect size distributions enriched in ﬁne fragments
in regions of intense chemical weathering, such as
the wet tropical zone inﬂuenced by monsoonal rain-
fall, and to a lesser extent in the dry to humid conti-
nental and subtropical regions. Sediments liberated
from catchments in these climatic zones should have
high fractal dimensions.
Considered broadly and provisionally, the likely
fractal dimension of sediment supplied to basins can
be estimated on the basis of the paleogeography, cli-
mate, and geology of the source region (ﬁg. 14). How-
ever, much data compilation needs to be carried out
so that these broad generalizations can be improved
on or replaced.
Within the framework offered by fragmentation
theory, it would now be valuable to search for ﬁeld
examples where a documented downstream pat-
tern of grain size fractionation can be linked to a
particular statistical distribution of grain size in the
sediment supply and where the effects of a secular
change in the grain size mix can be discerned in
basin stratigraphy. Doing so will enable the predic-
tive capability of numerical approaches to strati-
graphic architectures to be tested.ACKNOWL EDGMENT S
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